Laser pulse heating by Lin, X E
Xintian E. Lin
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309
Abstract
Recently, interest has developed in pulsed heating effects
on a copper surface[1]. Pulsed heating is one of the limits
on the gradient of a structure based linac. The heat gener-
ated by an intense RF pulse on the metal surface can result
in hundreds of degrees of temperature rise at 1 GeV/m. Af-
ter a certain number of cycles, the metal may crack due
to thermal fatigue and the surface properties may deterio-
rate. In this article, we describe an experiment to use a high
power laser to study the pulsed temperature rise on a metal
surface.
1 INTRODUCTION
Laser induced damage in optical materials is a discipline
in its own right. Many publications have tried to address
the issue from theoretical and experimental point of view
for more than 30 years[2]. However most of them concerns
single or a few shots damage threshold. Thomas etc[3] has
measured up to 100 shots. The damage criteria is usually a
quantitative visual inspection under microscope. For a few
ns and longer pulse, the threshold corresponds roughly to
single shot melting of the surface. For accelerator applica-
tions, we are interested in the thermal fatigue threshold on
the order of a billion shots with temperature measurement
on the surface. To bypass the requirement of high power,
high repetition rate microwave source, we describe an alter-
native experiment using a laser to test pulsed temperature
rise on a copper surface.





Figure 1: Surface heating.
ature rise resulting from a surface heat source induced by a

























where K,  and C
v
are the thermal conductivity, density
and heat capacity respectively. The initial temperature is




. If we assume that F
d
(t), the power flux















The temperature rises as one half power of the pulse length,
a generic character of heat diffusion.
In the case of a Gaussian pulse profile, the maximum

















where F is the fluence deposited into the copper, and t
p
is
the FWHM of the pulse. Compared to a square pulse with
fluence F and pulse length t
p
, the lower temperature rise
of Gaussian pulse is a result of the lower peak power and
the spread of energy.
When the temperature rise T is high, the dependence of
material property on temperature needs to be considered,















































Because of the singularity at t0 = t
p




































= T (t)  T
0
(6)
regardless of the temperature dependence of the material
property. Thus to get the same temperature rise, F=pt
p
needs to be constant.
2 LASER ABSORPTANCE IN METAL
Shining a laser with wavelength  perpendicularly onto a






where the refractive index n =
p
. The Drude model is
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=m(T ). The electron density n
e
inside copper is roughly 8:4 1022=cm3. Notice that elec-
tric conductivity  is temperature dependent. From energy










is the laser irradiance. In the frequency region
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The absorptance is wavelength independent. So the fol-
lowing experiment may be carried out at other wavelengths
with about the same temperature rise.
When laser wavelength approaches 1 m, other contri-
bution becomes important[8], and analysis becomes more
involved.
3 EXPERIMENT
The experiment, illustrated in Fig. 2, utilizes high energy
laser pulses to heat up the sample surface repeatedly and
uses interference between the reflected pulse and original

















Figure 2: Laser pulse heating experiment.
are beam splitters and mirror 3 is a combiner such that the























































where we have assumed the splitting factor   1. A
phase shifter/attenuator r
0






At 10:6 m wavelength, jrj is very close to 1. Therefore,

4
is a good measure of the pulse energy and 
3
is a mea-
sure of energy loss to the surface, and thus gives the surface
temperature through the (T ) dependence.
The temperature dependence of the copper properties K
and  are tabulated in [6], and a polynomial fit is used to
interpolate to other temperatures. The heat capacity C
v
of
copper is given in [7].






2 for example, the pulsed temper-
ature rise is as high as 991o C. The surface temperature,
plotted in Fig. 3, has an initial value of 300 K. The solid


















Figure 3: Pulsed temperature rise. The solid curve is esti-
mation from Eq. 2 and circles are from Eq. 4.
curve is calculated from Eq. 2. The circles, with tempera-
ture dependence of the material property included (Eq. 4),
depart significantly from Eq. 2 at higher temperatures. The
faster temperature growth is primarily due to higher elec-
tric resistivity at higher temperature. The heat capacity and
thermal conductivity, on the other hand, change less than
20% in this temperature range.
In the case of a comparable Gaussian pulse, the maxi-
mum temperature rise, illustrated in Fig. 4, is about 556oC,
44% lower than the square pulse case. The rest of the dis-
cussions all concern Gaussian pulses.














dt are plotted in Fig. 5 and 6 as a function of laser
fluence. The maximum temperature rise T
max
, plotted












dt, is illustrated in
Fig. 7. A least square fit given by













is also plotted. It is the basis of surface temperature moni-
toring.
4 CONCLUSION
This experiment can be carried out using 10.6 m CO
2
laser with 2.4 mJ in 16 ns pulse running at 1 kHz. The laser
needs to be focused to a 100 m spot to deliver 24 J=cm2
fluence. It is then able to test surface temperature rise up to
556oC reaching 109 pulses in 2 weeks. To see a 100 degree
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Figure 4: Pulsed temperature rise for a Gaussian laser
pulse. The solid line represents the laser irradiance, and
the surface temperature is drawn in circles.













λ= 10.6µm  tp= 16ns
Figure 5: Maximum pulsed temperature rise.
temperature rise, a 2 nJ diode detector running at 1 Hz rate
suffices. The drift in diode reading is an indicator of the
surface degradation. The same experiment, carried out at
other wavelengths, 1 m or 100 m for example, are also
desirable to check the frequency dependence. The laser
fluence requirement is about the same. The spot size may
need to be increased to alleviate focusing requirement at
the longer wavelength. The data analysis is more involved
at shorter wavelength because the interband contribution to
absorptance is significant[8].
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λ= 10.6µm  tp= 16ns  α= 0.1














Figure 6: The integrated diode signals as a function of laser
fluence.





















λ= 10.6µm  tp= 16ns  α= 0.1













a function of the maximum surface temperature rise T
max
.
The circles are the result of Eq. 4 and 11. The solid line is
a quadratic least square fit.
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